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Abstract— The vast array of wireless device form factors
being developed for internet-of-things applications necessitates a
flexible test environment for determining performance metrics
such as total isotropic sensitivity. Reverberation chambers
loaded with lossy absorbers at cellular frequencies are an ideal
match for this need. However, the estimate of total isotropic
sensitivity from measurements in the reverberation chamber
depends on the amount of loading in the chamber and on the
choice of statistical averaging used in the measurements. We
present results showing the significance of these two variables.
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L.

There will be more mobile-connected devices than people
on the Earth by the year 2019 [1]. The largest number of these
devices are supporting machine-to-machine (M2M) and
internet-of-things (IoT) applications with no human interaction.
Unlike smartphones, M2M and IoT devices take on a vast array
of small and large form factors necessitating flexibility in a test
environment. Cellular devices often have integrated antennas
ruling out the use of conducted measurements so that over-the-
air (OTA) techniques are needed. Some key metrics for
network system performance of a device do not need angle-of-
arrival information, such as total isotropic sensitivity (TIS) of
the receiver, data throughput, and total radiated power (TRP).
Reverberation chambers are a flexible solution for these
averaged system-level metrics, giving users the ability to place
a device-under-test (DUT) almost anywhere in the large
working volume and providing relatively low cost of
construction when compared to anechoic chambers [2-6].

INTRODUCTION

The reverberation chamber is an electrically large,
resonating cavity. The chamber utilizes various stirring
mechanisms, traditionally asymmetric rotating paddles, that
allow the boundary conditions to be altered sufficiently to mix
many electrical modes. The mode mixing yields, on average, a
uniform electric field distribution over a large volume of the
chamber. The highly resonant, mixed environment is good for
providing uniformity of the electric field, but it also has the
effect of creating large fluctuations in the chamber transfer
function as a function of frequency. In an unloaded chamber,
the frequency selectivity of the channel is typically too high for
a wireless device’s receiver to correct with equalization and
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prevents a successful communication link. Therefore, the
chamber is loaded with RF absorber to decrease the quality
factor of the chamber and flatten the frequency response
enough to allow communication between a base station
simulator and the device under test [2]. Insufficient loading of
the chamber, however, can have a large impact on metrics
where the quality of the communication link is being
measured, such as TIS [7].

The TIS of a wireless device is normally calculated based
on two separate measurements. The first determines the power
transfer function of the chamber configuration averaged over
many boundary conditions, which is an estimate of the loss in
the channel the DUT is experiencing. This measurement is
typically done as a pre-characterization of the chamber to
determine how much loading the chamber requires to flatten
the frequency response sufficiently for the given
communication link [7]. The second measurement, also
averaged over boundary conditions, determines the proficiency
with which the device can demodulate a received signal for a
given transmitter power. This measurement is typically
performed quickly on customer provided DUTs and combined
with the previously measured pre-characterization parameters
to yield the TIS of each device. The use of reverberation
chambers for testing modulated-signal receiver performance is
a relatively young field [3]. There are very few articles
examining the dependence of the TIS measurement itself on
chamber characteristics, e.g. [2, 8].

The measurements for channel response and receiver
sensitivity can be performed at different times under similar
but non-identical conditions so that each must be averaged
separately. The choice of statistical averaging technique
affects the value and uncertainty determined for TIS. Here, we
examine the dependence of the TIS estimated for a large-form-
factor wireless router and its uncertainty on the choice of
averaging and as a function of chamber loading. We compare
measurements made with two different chamber setups. The
first is a typical configuration where the channel loss and the
receiver sensitivity are measured with separate antennas, and
the second setup automates the chamber characterization and
DUT measurement to occur almost simultaneously. The
automated setup allows the instantaneous channel experienced
by the DUT at each boundary condition to be measured,
facilitating comparison of averaging methods.



We start, in Section II, by describing the measurements and
calculations that go into the TIS metric in a reverberation
chamber. Then, we describe the wvarious measurement
configurations in Section III. Section IV contains the results
and analysis, while we conclude and describe future directions
in Section V.

II. TOTAL ISOTROPIC SENSITIVITY (TIS)

The TIS is a metric for determining the receiver sensitivity
of a wireless device averaged over all angles-of-incidence.
The measurement requires establishing a communication link
with a device, sending a known sequence as a preamble, and
determining the minimum power necessary at the device to
maintain a bit-error-rate (BER) below a given threshold. This
threshold is 1.2% for WCDMA in [7]. The TIS determines the
power incident on the receiver antenna, so it can be compared
to conducted measurements, if possible. Therefore, the TIS
measurement requires a measurement of the power emitted by
a base-station simulator, Pgss, and a measurement of the
reverberation-chamber reference power transfer function, G,
which is a comparable quantity to the range path loss in an
anechoic chamber.

The G is measured with a measurement antenna that
remains in the chamber during the tests, and a reference
antenna used for determining the chamber characteristics. It is
measured at N steps of a stirring sequence, which in our case is
just the paddle of the chamber rotating in static, discrete steps.
At each paddle location, n, G, is given by [2],

(s o),
(1 - ‘<<S22 >F >N ‘2 )Urcf

where S is the forward transmission scattering parameter
measured by a vector network analyzer (VNA), S» is the
reflection scattering parameter measured at the VNA port
connected to the reference antenna, 7j.r is the radiation
efficiency of the reference antenna, and the brackets represent
the ensemble average over the frequencies in the bandwidth of
interest, F, and all the stirring positions, N. The efficiency and
mismatch of the measurement antenna are not included in (1)
since that antenna is used for both the G and the Pgss. The
chamber reference power transfer function, Gy, is related to
(1) by including the measurement antenna terms in the
denominator.

Gch (n) =

(M

In addition to Ge, we measure Pgss by using the
measurement antenna used in (1), but connecting it to a base
station simulator which will now measure the transmit and
receive communication signals. At each step of the stirring
sequence, a communication link is established at a given output
power from the base station simulator. A pseudorandom bit
sequence is used as the data and transmitted to the DUT. The
DUT transmits the received sequence back to the
communication tester, and the error rate in the returned
sequence is calculated and reported. The output power is then
lowered and the BER is measured again. The power output
resulting in the threshold BER is recorded for each stirring-
sequence step, 7.
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If the measurements for Ga and Pgss were taken in
precisely the same configuration at each stirring sequence step,
then the TIS power, Pris, is the mean of the value at each step
and is given by

1 N
Prs = 22 G (M) Byss () @
n=1

In the typical use of a reverberation chamber, G, will be
characterized as a function of loading, with the absorber
locations recorded, when the chamber is initially set up so that
only a device measurement is necessary afterwards. Thus, Gen
and Pgss are usually measured separately and must be averaged
separately to calculate Pris. Furthermore, Pris is an intrinsic
quantity of the wireless device, so Gen and Pgss are dependent
quantities. That is, at each stirrer step if one value goes up, the
other should ideally compensate. Thus, we separate the
dependence in (2) as,

P _
Piss ()

so that if the chamber response and base station power are
measured with different realizations of the stir sequence,
represented by N; and N,, we can calculate Pris by

Gch (n)9 (3)

RIS T A
Nl m=1 Bass(nl) N2 m=l aer
N 1 & (4)
Fys = % 11 E;Gch (n,).
=1 Fyss ()

Typically, Ni and N, are the same stirring sequence, but with
slightly different measurement configurations, such as a
different reference and DUT antenna. Eqn. (4) is calculating an
arithmetic mean of G, and a harmonic mean of Pgss, and
matches what is defined in the CTIA test plan for commercial
test labs [7]. However, there is nothing unique about this
choice of averaging and we could recast (2) as

Prs
—=—=P_.(n), 5
Gatmy o) v
leading to,

N, 1
Prs = N, 21 V Z Fiss(my). (6)

1 m=1

; Gch (nz)

This calculation uses the harmonic mean of G and the
arithmetic mean of Pgss. Finally, using the median value of
both Gu, and Psss is equally valid (since the median of the
reciprocal values is equal to the median of the values), giving
rise to

Pyg = med (PBSS (m, )) med (Gch (nz)) @)



We will compare the ramifications of the choice of statistics
for TIS calculations using (4), (6), and (7) in estimating the
value as well as on uncertainty.

The uncertainty in TIS is derived from measuring Q
independent realizations of the stirring sequence, comprised of
N steps. Since these multiple realizations are, in practice,
applied only to the G, measurements, and since Ge, and Pgss
are correlated, the relative uncertainty found for Ge is typically
applied to Pris[7]. However, for the measurements here, both
parameters have been measured with multiple realizations of
the stirring sequence. We use a significance test to determine
whether the uncertainty was dominated by lack of spatial
uniformity between the QO samples, or was comparable to the
uncertainty contribution of the samples within the N stirring
sequence steps [9]. This can vary with loading, but for the
setups that will be described here, the spatial uniformity was
the dominant contribution to uncertainty. Therefore, the
average value of TIS is given by

1 o
<PTIS>Q :EqZ:;])TI (Q)’

and the uncertainty comes from the variance over Q samples,

®)

2
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III. MEASUREMENT CONFIGURATION
We wused two configurations of antennas in the

reverberation chamber to examine the effect of statistical
averaging methods as a function of chamber loading. The first
set of measurements used separate, but similar, antenna setups
and placements for the measurements of Ge, and Pgss. From
these measurements, we realized that there would be a lot of
information about the statistical nature of the reverberation
chamber if we measured the instantaneous channel experienced
by the DUT at each set of boundary conditions. Thus, the
second set of measurements were performed with a relay
circuit setup with a common antenna for Gu and Pesss
measurements.

Common to both configurations is the chamber itself which
has interior dimensions of 4.6 m x 3.1 m x 2.8 m. There is a
single vertical paddle with a height of 2.1 m which traces a
cylinder with radius 0.5 m. Our stirring sequence consists 72
paddle angles with 5 degree steps, N = 72. The angular
coherence of the paddle was measured to be less than 5 degrees
at the highest loading used here, meaning that we obtain
independent measurements at each paddle orientation [10].
There was no antenna position stirring included in the stirring
sequence to isolate the contribution of spatial uniformity in the
chamber. The chamber was loaded with an increasing number
of RF absorbers, each one measuring 0.60 x 0.60 x 0.09 m.
The absorbers were added in a single stack, as is shown
schematically in Fig. 1 and in the photographs in Fig. 2.
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Fig. 1: Top view of the antenna positions and heights used for the
measurements in the reverberation chamber. In (a) the three discone
antenna positions are denoted by Pos 1 - 3 and in (b) the nine
omnidirectional DUT antenna positions are denoted by Pos 1 — 9.

We performed TIS measurements using a base station
simulator for a communication link in the WCDMA Band 2,
Channel 9662. This is centered at 1932.4 MHz with a 3.84
MHz bandwidth. The DUT was a cellular enabled wireless
router measuring 0.47 x 0.44 x 0.09 m, classifying it as a large-
form-factor device [7]. An external antenna was attached to
the router with a 3 m coaxial cable.

In our initial setup, the chamber transfer function, G.n, and
the base station output power were measured separately using
different antennas for G, and Pgss. For G.n, the measurement
antenna, which is used for both measurements, was connected
to port 1 of a VNA, while the reference antenna was connected
to port 2. The measurement antenna was a dual-ridge,
broadband horn. The reference antenna was a discone
monopole antenna. The efficiencies of the antennas were
measured in the unloaded chamber [11]. We measured nine
independent realizations of the stirring sequence by moving the
reference antenna to three marked locations, as shown in Fig.
1(a), and at each location the reference antenna was positioned
in three orthogonal polarizations. Furthermore, the
independence of each stirring sequence was verified by a
Pearson’s correlation coefficient of less than 0.3 for all
sequences [12]. We measured the chamber’s power transfer
function with the VNA from 1800 to 2200 MHz with 8001
points for 50 kHz steps, an IF bandwidth of 1 kHz, an output

?b) P BSS

Fig 2: Photograph of set up shown in Fig. 1 for measuring (a) G, and (b)
Pgss. The absorbers are shown in the back, right corner of the chamber.
The measurement antenna is on the tripod on the left, the reference
antenna is shown in the front of (a) and on the right in (b), and the router is
shown in (b).



power of -10 dBm, and a dwell time of 10 us. However, for
calculation of (1), only a 4 MHz bandwidth around 1932.4
MHz was used.

In the initial setup, for Pgss, the stirring sequence was still
the 72 paddle rotations, but the nine realizations of the stirring
sequence were achieved by moving the router to three spatially
independent locations, then rotating the router and its external
antenna, as shown in Fig. 1(b). The transmit/receive port of
the base station simulator was connected to the measurement
antenna and the reference antenna was terminated in a 50 ohm
load outside the chamber. The base station simulator power
started at -60 dBm, lowered in 2 dB steps, with the BER
measured at each step. When the BER exceeded 1.2%, the
output power of the simulator was increased in 2 dB steps back
to 0% BER, then lowered again in 0.5 dB steps until the
threshold was reached and the final power recorded. If no
connection was established, or the value of TIS was 30 dB or
higher than the minimum value found for the stirrer sequence,
the result was ignored. Fig. 2(b) shows a photograph of the
router in the measurement setup for Pgss. The router was
placed on blocks that were measured to be transparent to RF
energy at the frequencies of interest in order to keep the DUT
at least 0.08 m (half a wavelength) away from the metal floor.

The configuration described above was developed
according to [7]. However, it assumes that the channel
corresonding to the reference measurement is, on average, the
same as the channel corresponding to the DUT measurement.
To understand the effects of loading on the statistics that make
up the TIS metric, we designed a second setup to measure the
instantaneous channel at each paddle and antenna location as
well as the receiver sensitivity without touching the
configuration of the chamber. The second setup consisted of a
relay circuit and switch so that we can use the DUT antenna as
the reference antenna as well. Fig. 3 shows a schematic of the
relay system used to automate the measurement of G, and
Pgss with no alteration of the channel between the
measurements. The stirring sequence was identical to the
previous setup with the 72 stepped paddle angles, but the nine
realizations of the stirring sequence were accomplished by
placing the antenna on a 1 m diameter turntable and using three
angular increments. A translation stage provided automated
height adjustment for three heights at each turntable position.
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Fig 3: Schematic representation of relay circuit for instantaneous channel
measurements. The dashed box represents the chamber walls. The
circuit shown in red is not accounted by the calibration of the VNA
measurement and that cable loss must be measured separately.
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The turntable has a translation stage for height adjustment and a platform
with the router DUT attached by red straps.

Fig.

At each location and each paddle step, the Gew(n) and Pgss(n)
were measured with no change in the system except for a
voltage on the relay. Chamber loss was measured with and
without the relay activated to insure no effect from the
presence of the relay in the chamber. A photograph of the
automated setup is shown in Fig. 4.

IV. RESULTS

We first compare our results from separate measurements
of chamber response and DUT sensitivity with those taken with
the automated setup. Fig. 5 shows the separated setup TIS
results in red, calculated from (4), with the arithmetic mean of
the chamber response and the harmonic mean of sensitivity [7].
Based on previous experience and the measurement of the
frequency coherence of the chamber, the flatness of the
channel was found to be good enough at seven absorbers, with
the absorbers stacked sequentially in the configuration shown
in Fig. 4. Once the channel has a flat enough frequency
response, the average value of TIS should not change with
additional loss in the chamber. Yet, with seven absorbers in
the chamber, the expected plateau in TIS is observed, but is not
as significant as at higher absorber loading.

The uncertainties shown in Fig. 5 for the separate
measurements  scenario come from determining the
uncertainties of the chamber response and base-station power
similarly to (9), but with the respective variable, and taking the
root sum square (RSS) of the coefficients of variance, given
by[13],



2 2

u
Fass G

(Pss)o ) \{Gun)g

The error bars are then the standard uncertainty of Pris in dB
units calculated as,

uPTIS :<P”S>Q (10)

P+ Up

u(10log, (Pys)) =10log,, (11)

TIS

The uncertainties in Fig. 5 decrease with an increasing
number of RF absorbers due to large uncertainty in the Pgss
term. This large uncertainty is not from lack of spatial
uniformity, but rather from poorly established communication
links with the DUT for channels that are highly frequency
selective.

The results from the automated setup, also calculated from
(4) are shown in black in Fig. 5 with excellent agreement in the
overlap region of the two setups. The value of TIS does not
change for seven absorbers and above indicating adequate
flattening of the chamber frequency response in the
communication channel, although for nine absorbers and above
a distinct plateau in the mean is observed. Also, the results in
the plateau region are in good agreement with anechoic
chamber measurements on the same DUT which showed a Pris
of 109.4 dBm. The uncertainties for the automated setup come
from (9) and converted to dB with (11).

Our next analysis is to compare averaging methods for the
final TIS result. In the automated setup we have access to the
same instantaneous channels that the receiver measurements
were performed. Thus, we can apply (2) and compare the
results to those using (4), (6), and (7). Using (2), every value
measured for TIS is given equivalent weighting. The harmonic
mean used for (4) and (6) will tend to give more weight to
lower values for Pgss and Ge, respectively. Finally, the
median taken in (7) will unweight extreme values.

Fig. 6 shows that the choice of averaging has a large effect
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Fig. 5: Plot of TIS versus absorber loading in the chamber. The red curve
is data taken with separate measurements for G, and Pgss. The black
curve was taken six months later using the automated setup to study the
instantaneous channel. The error bars come from the lack of spatial
uniformity in Pris taken from (9) for the black curve and from the RSS of
the coefficient of variation in G, and Pgss for the red curve.
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Fig. 6: Using the automated setup, plot of TIS versus absorber loading for
the four averaging methods. The equation giving rise to each curve is
shown in the legend. The uncertainties come from (9) .

on TIS when fewer than seven absorbers are used. However,
in the plateau region with greater than eight absorbers, where
the communication link is better, the averaging method is not
as important. Also, in the plateau of TIS values, there is good
agreement between all the methods within the uncertainty, as
calculated by (9). The agreement in the plateau region leads us
to conclude that the communication link is the largest
contributor to uncertainty for lower absorber cases, which
manifests itself as large values of Pgss(n) when the
communication link is dropped. The use of (4) and (7) tends to
reduce the weight given to these higher values, leading to a
more robust result. The robustness is seen in Fig. 7, which
shows the relative uncertainty in Prs versus the absorber
loading cases which are the error bars in Fig. 6. By using (4),
as is the case in the CTIA test plan, the uncertainty in TIS is
both minimized and more stable.

To verify the dominance of the uncertainty in Pgss, we take
a closer look at the relative uncertainty in Gen. Fig. 8 shows the
relative uncertainty of each of the averaging methods for Ge,
calculated according to (10), but with G, replacing Pris. The
relative uncertainty varies only slightly at each absorber
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Fig. 7: The relative uncertainty due to lack of spatial uniformity in the
full PT[S.
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Fig. 8: The relative uncertainty considering only the lack of spatial
uniformity in G, with the various averaging methods.

loading, with a generally increasing trend. The increasing
trend is due to lack of spatial uniformity with increased loading
[2]. Both (2) and (4) utilize the arithmetic mean for G, and
are represented by the red curve. The agreement between all
the curves in Fig. 7 shows that variation in G, does not depend
on outliers of the measurement, even for lower absorber
loading.  Averaging methods that take into account the
weighting of the values do not alter the results. This leads us to
conclude that the uncertainty in Pgss is dominated by outliers at
lower absorber loading cases. Using a statistical method that
reduces the weight of the high outliers in Pgss such as (4) and
(7) yields more relevant results for TIS.

V. CONCLUSION

The TIS of a wireless device is a universally utilized metric
for determining its performance and requires measurement of
both the link with the device as well as the channel of the
measurement environment. In this paper, we presented results
looking at TIS with different chamber setups and with
increasing loading conditions.

With sufficient mode mixing and sampling of the chamber,
the TIS of a wireless router was repeatable between two
different measurement antenna setups. The first used a
separate reference antenna for characterizing the chamber. The
second method used a relay circuit to use the same antenna
configuration for both characterizing the chamber and
measuring the sensitivity of the DUT.

The relay setup allowed the instantaneous chamber
characteristics at each stirrer sequence step to be known. This
allowed a comparison of averaging methods.  Averaging
methods that reduced the weight of positive deviations in Pgss
were more relevant to the TIS metric, since they weight
channels with stable communication links. The loaded
reverberation chamber achieved good agreement with anechoic
chambers with relatively small uncertainties at loading
conditions that allow stable communication links. Our
automated relay system allowed analysis of the effect of the
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instantaneous channel in the reverberation chamber on the
measurement results. We then compared mathematically
motivated statistical averaging choices to find the most
meaningful one for TIS. Finally, the relay circuit system
allows study of even more statistical metrics in the
reverberation chamber. Examining the effects of various
metrics in the instantaneous channel on the TIS measurement
will be discussed in a future article.
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